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It has been observed that Melaleuca cuticularis Labill. has the ability to 
secrete salt solution to the surface of its stem.  No literature has been found to 
illustrate other species’ capacity to secrete salts at the stem and with what little 
literature there is on M. cuticularis under saline conditions 1, 2, there was no 
evidence documented by those authors to have witnessed salt secreting at the 
stem.  Most recorded observations of salt secretion by plants has usually been on 
leaf salt secretion through specialized glands or bladders often in mangroves, salt 
bushes and grass species, among others 3-8.  This observation is the first known 
record of a plant species capable of secreting salts mostly at the stem.    
Melaleuca cuticularis (‘Saltwater Paperbark’) is found to grow in south-west 
Western Australia, on or near the coast usually in waterlogged saline depressions, 
swamps, along estuaries and in areas often subjected to flooding 9, 10.  Plants adapted 
to saline environments are known to have a plethora of mechanisms to ensure their 
continued growth and survival by either restricting or minimizing salt ion 
accumulation in leaves.  For most glycophytes, salt tolerance, although limited, is a 
combination of osmotic adjustment, retention of salts at the root, compartmenting 
salts within the leaf vacuole, and accumulation of excess salt into older leaves which 
are then shed 11-13.  For halophytes, salt tolerance is often a combination of those 
mentioned above for glycophytes and succulence and the use of salt glands, bladders 
or hairs to aid in the removal of excess Na+ and Cl- 11, 14-16.
Six to nine-month old plants of M. cuticularis were repeatedly observed to 
secrete salts onto the stem in salinity treatment (> 200 mol m-3) throughout all 
glasshouse experiments conducted between 2003 and 2007 (Plate 1).  Samples 
collected from two of these experiments were used to confirm the observations of salt 
secretion.
Plate 1  Salt crystals found on the 
main stem of M. cuticularis during
Experiment 1.  The arrows mark 
the location of salt crystals. 
Scanned electron microscopy (SEM) analysis of the abaxial surface of a leaf 
of M. cuticularis did not reveal any salt gland or bladder structures (Plate 2), however 
it did reveal that the stem surface had crystallised deposits of NaCl (Plate 3 and 4)  
identified by a distinctive square shape. 
(b)
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Plate 2 Scanning electron microscope 
(SEM) picture of the abaxial surface of a 
M. cuticularis leaf  from Experiment 1, 
showing (a) stomata and (b) an oil gland.  
No salt gland or bladders were found on 
leaf surface.   
Plate 3 Scanned electron micrsope (SEM) 
picture of salt crystals deposited on stem 
surface.  The ‘square’ shaped 
crystallisation indicates NaCl-based salts. 
Plate 4 Scanned electron microcope (SEM) 
spectral graph showing the composition of 
the salt crystals.  Na+ and Cl- were the 
major components and Mg2+, K+ and Ca2+
were the minor components.   
The SEM analysis revealed that there is enough evidence to support the 
observations that the species M. cuticularis is able to secrete salt along the main stem 
of the plant.  The appearance of salt crystals along the stem of M. cuticularis is similar 
to that found on leaves of plants growing under saline conditions which, in leaves, is 
indicative of active salt secretion by salt glands or bladders 6, 17, 18, however the 
presence of any glands or bladders on the stem of M. cuticularis have yet to be 
identified.  The leaves of M. cuticularis were not found to secrete salt crystals nor 
were any other species of Melaleuca studied (M. alternifolia, M. bracteata and M.
uncinata) observed to secrete salt crystals onto the leaf surface or the stem.  In the 
limited studies already conducted on M. cuticularis, evidence of salt crystals secreted 
onto the stem surface has not been reported 1, 2.
On a whole plant basis it was revealed that the amount of ions secreted by six-
month old M. cuticularis increased from the control (0 mol m-3 NaCl) (Figure 1) to 
200 mol m-3 before decreasing when soil salinity increased to 400 mol m-3.  The 
greater proportion of salt ions secreted were Na+ and Cl- ions with minute amounts of 
Ca2+, K+ and Mg2+.
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Figure 1 Amount of inorganic ion 
salts secreted (Pmol plant-1) from 
M. cuticularis across salinity 
treatment from Experiment 1.  
Analysis (ANOVA) of the amount 
of ions secreted onto the stem 
surface revealed that the two-way 
interaction (salinity treatment * 
ion) was significant (n = 13, p 
0.001).  Bar denotes LSD (p 
0.05).
Table 1  Plant dry weight (g) of leaf, stem and root and water use of M. cuticularis across salinity 
treatments from Experiment 1. 
Salinity treatment Plant dry weight (g) (r s.e.) Plant water use 
(kg 30 days-1) (r
s.e.)Leaf Stem Root 
0 mol m-3 5.89 (r 0.32) 5.73 (r 0.23) 4.80 (r 0.23) 2.42 (r 0.21) 
200 mol m-3 4.17 (r 0.24) 5.20 (r 0.22) 4.17 (r 0.09) 1.46 (r 0.26) 
400 mol m-3 3.00 (r 0.30) 3.56 (r 0.42) 3.26 (r 0.15) 0.68 (r 0.36) 
600 mol m-3 2.32 (r 0.37) 3.05 (r 0.29) 2.55 (r 0.13) 0.40 (r 0.24) 
The xero-halophyte, Reaumuria hirtella for example, was also found to be 
more efficient at secreting salts at lower external salinity (below 250 mol m-3 NaCl) 
19.  In contrast to these findings, the mangrove species Laguncularia racemosa and 
Avicennia germinans, had rates of salt secretion increase with increased external 
salinity levels (up to 800 mol m-3), both in the field and the glasshouse 20, 21.  The 
decrease in salt secretion with increased external salinity would most likely be 
associated with the decrease in water use at those high concentrations thus reducing 
the amount of salt uptake and secretion to the aerial plant surface. The rate of water 
use was found to decrease from 1.46 – 0.40 kg 30 days-1 from 200 mol m-3 to 600 mol 
m-3 (Table 1).  Consequently, this caused reduced rates of salt flux into the plant at 
higher salinity levels (e.g. within the stem, the amount of Na+ decreased from 4.9-2.7 
mmol and Cl- decreased from 3.1-1.6 mmol when salinity increased from 200 mol m-3
to 600 mol m-3), thus reducing the amount of salts secreted onto the plant surface by 
50% when salinity increased from 200 mol m-3 to 600 mol m-3.  The total amount of 
salt reaching the leaf is not only related to salt concentration within the xylem but also 
to the volume of water transpired 19, 20.
In addition, the amount of Na+ and Cl- secreted onto the plant surface at 200 
mol m-3 was not found to significantly differ.  The SEM analysis of the salt crystal 
shown in the spectral graph (Plate 4) illustrated that Cl- ions made up the larger 
proportion of the salt crystals than Na+, which reflected the greater amount of Cl-
taken up by plants than Na+.  This was found to occur in R. hirtella and L. racemosa
which were both found to secrete more Cl- than Na+ with more than 50% of the total 
salts secreted represented by Cl- 19, 20.  On the other hand, A. germinans secreted Na+
in excess of Cl- when salinity increased from 171 mol m-3 to 856 mol m-3 21.
Meanwhile these species 19-21, including M. cuticularis in this study, only secreted 
minute amounts of Ca2+, K+ and Mg2+ ions together with Na+ and Cl- possibly 
suggesting the plant’s low selectivity to secrete other ions.  Therefore, it would appear 
that M. cuticularis had a higher specificity for retaining Ca2+, K+ and Mg2+ ions rather 
than Na+ and Cl- ions, which would probably be due to their rapid incorporation and 
utilization in metabolism 19.  The ions that remained within the plant would have thus 
contributed to decreasing osmotic potential 19.
A second experiment conducted on M. cuticularis determined the proportion 
of salts secreted at the stem to the proportion taken up by the plant.  The amount of 
NaCl secreted from the stem and recovered on the outer plant surface was greater at 
400 mol m-3 than 0 mol m-3 (Figure 2 (a)).  In addition, the amount of NaCl secreted 
by the plant was found to be greater on the surface of the main stem than the leaf and 
branch.  Analysis of the amount of Na+ and Cl- ions within the plant revealed the 
proportion of Na+ and Cl- ions were greater in the branches and main stem than in the 
leaf and root (Figure 2 (b)).
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Figure 2 (a) Amount of NaCl ions on the surface of  leaf and branch and main stem at 0 
mol m-3 and 400 mol m-3 salinity levels.  Analysis (ANOVA) of the amount of NaCl on the 
outer plant surface revealed that the two-way interaction (salinity level * plant part) was 
significant (n = 12, p = 0.003); the three-way ANOVA (salinity level * plant part * ion) 
was not significant and hence not shown.  (b) Amount of Na+ and Cl- ions within the leaf, 
branch, main stem and root of M. cuticularis.  Analysis (ANOVA) of the amount of Na+
and Cl- ions within the plant revealed that the three-way interaction (salinity level * 
plant part * ion) was significant (n = 24, p  0.01).  Bars denote LSD (p  0.05).   
The level of secretion from the stem of M. cuticularis when compared to 
secretion from leaves in some halophytic species was actually quite low whereby only 
a small proportion of salts were secreted from the total absorbed salts within the stem 
(14.9% Na+ and 15.1% Cl- at 400 mol m-3).  In Glaux maritima, increased salinity 
induced a heavier secretion in both glasshouse and field trials as well as an increase in 
stored Na+ and Cl- in the plant tissue whereby at 150 mol m-3 NaCl, 60% Na+ and 
35% Cl- of the total absorbed amount was secreted and at 300 mol m-3, 70% Na+ and 
55% Cl- of the absorbed amount was secreted 18.  Therefore, although salts were 
found to secrete at the stem, this mechanism may not be a major component for this 
species to tolerate salinity at concentrations in excess of 400 mol m-3 compared to 
halophytic species, as its rates of water use and growth were impaired when salinity 
reached 600 mol m-3 (Table 1).
Salt secretion, from the leaves of most halophytic plants, has been shown to 
happen through either symplastic or apoplastic pathways.  In the grass Odyssea
paucinervis both apoplastic and symplastic flow of ions into and through salt glands 
appeared to be possible 22, 23, whereas in Tamarix species, the transport of ions to salt 
glands have been shown to move via an apoplastic xylem pathway 3.  The stem 
however, is structurally and anatomically different from leaves.  The outside layer of a 
tree stem is dead bark which provides protection from the environment, while the 
inner layer is composed of live (phloem) tissue that transports nutrient ions downward 
toward the root.  Nutrient ions may also move laterally from the xylem into 
surrounding and outer layer tissues through ray cells within the stem 24.  While there 
has not been any reporting of salt secretion at the stem of plant species, and until the 
secretion mechanism is fully identified within M. cuticularis, it can be speculated that 
salt secretion may occur via several possible pathways.
Most salinity studies often emphasise the role of root Na+ exclusion and leaf 
compartmentation for determining tolerance of plants to salinity; however, the stem is 
just as effective at restricting and accumulating Na+ and Cl- movement within the 
plant.  This has been shown in this study as well as in other studies on citrus trees 25
which showed Na+ and Cl- concentrations decreased along the stem from the base to 
the tip demonstrating efficient restriction of Na+ and Cl- along the stem.  Water 
transport within tree stems is generally restricted to the outer (sapwood) layer of the 
stem, whereby the vessels of the outer 3 to 4 annual growth rings conducts water and 
dissolved substances between the root and leaf of tree 26.  Lateral movement of water 
in woody stems may possibly occur in M. cuticularis, but lateral movement of salts 
across the stem has not generally been found to occur in other plant species, for 
example in the tree genus Salix 27.  In the case of M. cuticularis, it is most likely that 
the stem restricted Na+ and Cl- movement between the root and leaves by either 
releasing ions into the xylem, reabsorbing of ions from the xylem and transfer of ions 
between the xylem and phloem 25.  While the phloem is generally the most outer layer 
of the vascular bundle within the stem, it is possible that Na+ and Cl- ions found at the 
stem surface, originated from the phloem.  One theory, which is similar to that in 
leaves 14, is that the salt solution within the stem of the plant may transfer along 
phloem rays either apoplastically or symplastically toward the periderm (epidermis) 
filtering through weak spots in the periderm through which the solution escapes onto 
the stem surface.  On the other hand, the distribution of salt crystals along the stem 
surface was mostly found to occur at the junction between the branches and stem 
(Plate 1).  It is possible that in this case, there may be a structural weakness allowing 
the secretion of salt onto the stem surface in that area.  It may also be probable that the 
age of M. cuticularis when the experiments were conducted (6-9 months old) may 
have been a cause.  Young plants may allow lateral passage of NaCl solution more 
readily than mature trees, because when plants age during secondary growth, the 
development of cork cambium would prevent water moving out on the stem surface as 
their cell walls contain suberin, a fatty substance that repels water, to prevent 
desiccation 24.  However, Carter 28, did not report any observations of salt secretion at 
the stem of both young (9 months old) and mature plants of M. cuticularis.
Nevertheless, while salt secretion is considered to be an active process, another theory 
is that there are specialized salt glands at the stem surface which may function similar 
to that in leaves.  It was attempted to identify salt glands at the stem through scanned 
electron microsopy but without success.  This does not suggest that glands in the stem 
are not present but it may be that the structures are anatomically different from leaves 
and hence not clearly identifiable.   
In conclusion, salts were actively secreted onto the stem surface of M.
cuticularis under saline conditions.  Salt secretion at the stem has not been reported to 
occur in any other species, either glycophytic or halophytic and the findings from this 
study are believed to be the first ever recorded and observed.  It appears to be more 
appropriate to classify M. cuticularis as a facultative halophyte rather than a 
glycophyte, because they can withstand the effects of high salinity even when 
growing on or near the coast or in saline depressions. 
‘Methods’
Experiments 1 and 2 were conducted within a glasshouse at the University of 
Queensland, Brisbane, Australia, with natural sunlight and daylength and average day 
and night temperature of about 27oC and 16oC and 30oC and 20oC, respectively.
In Experiment 1, M. cuticularis was one of four species exposed to NaCl in a 
split-plot design with seven replications and four NaCl treatment levels (0 mol m-3,
200 mol m-3, 400 mol m-3 and 600 mol m-3).  Plants were six months old when salinity 
treatments commenced.  Salt treatments were gradually increased at 1/10 increments 
toward the target level over a period of 20 days, and then watered at full concentration 
with the respective salinity treatment for the remainder of the experiment (a further 40 
days).  Plants were watered twice with 400 mL NaCl treatment solution to ensure that 
salt in the soil, from the previous salt application, was thoroughly washed through to 
avoid salt build up in excess of the target salt concentration 29.  Control plants were 
watered daily with deionised water.  Each treatment level also included ¼ strength 
modified Hoagland solution.  At the end of the experiment, a 10 cm portion of fresh 
M. cuticularis stem material was collected from one plant and taken to the Centre for 
Microscopy and Microanalysis (CMM), University of Queensland, to identify the 
crystallized substance found to accumulate on the stem surface.  In addition, the aerial 
part (leaf and stem) of the plants of M. cuticularis, for each NaCl treatment level, was 
washed in 1 L of deionised water.   Approximately 50 mL of this water was collected 
and immediately analysed for Na+ and other elemental ions (Ca2+, K+ and Mg2+)
directly by ICPAES (Inductively Coupled Plasma Atomic Emission 
Spectrophotometer) using a Varian Vista Pro Instrument operating at a forward power 
of 1200W with the spectral intensities being measured for three seconds in three 
replicates with the average results reported.  The concentration of the sample was 
quantified using the response obtained from the standard curves of the required 
elements.  Chloride content was determined colorimetrically using a SEAL AQ2+ 
colorimetric analyser.  The absorbance of the sample was quantified using the 
absorbance obtained from standard curves of chloride.  The objective of this was to 
determine which elemental ions contributed to the salt secretion.
Experiment 2 was a fully randomized block design with three replications and 
two NaCl treatment levels (0 mol m-3 and 400 mol m-3).  Prior to salinisation, all 
plants were washed thrice with deionised water.  Salt treatments were imposed as per 
Experiment 1.  At the end of the experiment, each plant was divided into three parts, 
(i) leaf and branch, (ii) main stem and (iii) the root.  Parts (i) and (ii) of the plant were 
washed in 2 L of deionised water to remove all surface salts.  Approximately 50 mL 
of the sample water was collected and immediately analysed for Na+ and other 
elemental ions and for Cl- as per Experiment 1.  The roots were washed to remove all 
traces of soil.  All plant parts were then placed into brown paper bags and placed into 
an oven (65 oC) for two weeks to dry.  Once dried, leaves were removed from the 
branches and all plant parts were ground to 1.5 mm using an electric plant grinder and 
sampled for Na+ and other elemental ions using the nitric-perchloric acid digestion 
method 30 and Cl- using the nitric acid extraction method 31.
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